Assessing the effects of specific biomechanical forces on cells expands our understanding of disease pathology and can accelerate the development of biomedical applications such as tissue engineering. For cells to be effective in their tissue-specific roles, they need to have distinct mechanical properties such as elasticity in order to survive mechanical stress and to convert forces into biochemical signals, a phenomenon called mechano-transduction. In addition, nuclear elasticity has been proposed to be a regulator of force transduction on chromatin and genetic expression[@b1][@b2]. Therefore, a change in either cell or nuclear elasticity to non-physiological values disrupts cellular homeostatic mechanisms and may result in a pathological state leading to a disease: examples include increased stiffness in breast cancer[@b3] and bladder cancer cells[@b4]. Among the tools available in mechano-biology to understand how cells respond to applied forces, Atomic Force Microscopy (AFM) provides the unique opportunity to directly examine the nanoscale structure of cell membrane surfaces, as well measure the mechanical properties of living cells and assess their real-time changes[@b5].

In this study we used AFM to measure the nuclear elasticity (Young modulus) and the cell biomechanical behavior during loading and unloading cycles in a single neonatal rat ventricular myocyte (NRVM) model carrying the lamin A/C gene (*LMNA*) D192G mutation[@b6]. Lamins are type V intermediate filaments found in the nucleus of virtually all cell types and are a key component for providing the integrity of the cell nuclear envelope[@b7][@b8] and *LMNA* mutations cause at least 12 distinct diseases (*laminopathies)*, including severe muscle dystrophies and dilated cardiomyopathies[@b8]. The D192G LMNA mutation, which affects a highly conserved residue of the α-helical coil 1B domain predicted to alter lamin assembly, was found to be associated with a severe dilated cardiomyopathy phenotype[@b6]. In patients' cardiomyocytes, the mutation caused dramatic morphological alterations, including a complete loss of the nuclear envelope and chromatin disorganization which may cause altered transcriptional regulation and nucleocytoplasmic transport.

Understanding how *LMNA* mutations impact the mechanical properties of the nucleus and cell as a whole in a cardiomyocyte model might provide novel insights into the underlying mechanisms of these diseases. Past efforts to study the mechanical properties of the nucleus in laminopathies have used indirect measurements such as micropipette aspiration and imaging[@b1] or computational modeling[@b9]. However, AFM provides a more advanced and direct approach to the study of nuclear biomechanics by allowing the observation and manipulation of biological surfaces in their native environment at a very high spatial resolution, and relying on a signal-to-noise ratio superior to that of optical microscopic techniques[@b10].

Results
=======

Analysis of LMNA expression in cardiomyocytes
---------------------------------------------

Neonatal rat ventricular myocytes (NRVMs) were isolated and enriched (\> 90% purity) over non-myocytes as previously reported[@b11][@b12][@b13][@b14] and subjected to infection with an adenoviral construct carrying either the wild type or the mutant D192G *LMNA A* cDNA as well as the Enhanced Green Fluorescent Protein (EGFP) which can be used to identify LMNA expressing cells (described in detail in the Methods section)[@b15][@b16][@b17][@b18][@b19]. NRVMs were infected on culture day 1 and the expression of both EGFP and human LMNA (wild-type and mutant) examined after 24 and 48 hours. As indicated in [Fig. 1A,B](#f1){ref-type="fig"}, although EGFP expression was always detected visually by 24 hour of infection, the expression of the LMNA proteins, as determined by Western blotting with a human-specific anti-lamin A antibody, appeared at 24 hours and was clearly expressed at 48 hours. Furthermore, as shown in [Fig. 1C](#f1){ref-type="fig"}, immunofluorescence confirmed the localization of the exogenous human LMNA (in red, right panels) in the nuclear wall of D192G LMNA NRVMs, when transduced by adenoviral bicistronic GFP-LMNA constructs. Increases in cell-turnover or senescence during the time in culture or in response to adenoviral infection were not observed (data not shown).

AFM force-deformation curves
----------------------------

Two different AFM cantilever tips were used to precisely apply a compression force normal to the nucleus: (i) a sharp silicon nitride tip or (ii) a polystyrene microsphere with a diameter of about 10 μm coated with a gold layer. We used both since they provide different information: the sphere evaluates virtually the whole nucleus elasticity and can be used to assess potential tip-membrane adhesion forces, while the sharp tip provides information about the local elasticity it also provides qualitative information on nuclear fragility (slope change or drops in the loading curve). [Figure 1D](#f1){ref-type="fig"} shows AFM force-deformation curves collected with the spherical tip during loading and unloading, for control (CT), wild-type (WT) and mutant (MT) cells, respectively. All curves displayed a smooth and nonlinear deformation profile without irregularities or stress peaks, indicating their elastic nature and suggesting no structural failure of the nuclear envelop. These curves provide some significant information: (*i*) the first part of the loading curve provides nuclear elasticity (Young Modulus), (*ii*) the loading curve also provides the maximum load needed to deform the cell, and (*iii*) the area under the deformation curves, during the unloading cycle, reflects cell adhesion behavior.

### (i) The nuclear Young Modulus is increased in LMNA D192G NRVM

[Figure 2A](#f2){ref-type="fig"} shows the elasticity results (assessed with a sphere tip) for uninfected control, wild type and mutant D192G-expressing cells. Data shown in [Fig. 2A](#f2){ref-type="fig"} are those obtained after 1 and 2 days from the adenoviral infection and indicate that CT and WT elasticity remained substantially constant over the 2 days of observation. In contrast, the Young's modulus in cells expressing the *LMNA* D192G mutation began to diverge from both CT and WT after 24 and was significantly higher than that of both CT and WT at 48 hours.

The elasticity data acquired with the sharp tip cantilever ([Fig. 2B](#f2){ref-type="fig"}) showed a similar trend, although nuclear elasticity values were about five to six times higher than those obtained with spherical probes.

### (ii) Mutant D192G lamina becomes brittle

The sharp tip has allowed us to highlight a clear difference between the nuclear fragility of the different LMNA expressing NRVM's. For MT NRVM's, 65% of the cells showed either an abrupt change in the slope or a sudden drop in the loading curves: this behavior is typical of nuclear membrane yielding and therefore a brittleness ("fragility") of the nucleus that is not seen in either CT or WT cells where less than 5% of cells examined showed this behavior during the loading cycle. Although we did not observe signs of permanent cellular injury such as the development of an abnormal morphology, detachment from the substrate, or cytoplasmic vacuolization, these results are in line with previous reports suggesting increased nuclear fragility[@b19].

### (iii) LMNA D192G causes a decrease in cell membrane adhesion

Adhesion areas recorded during the end of the unloading cycle show that CT and WT cells exhibit similar adhesion areas while MT NRVM's show virtually no adhesion area ([Fig. 1D](#f1){ref-type="fig"}).

Influence of the Lamin mutation in the cytoskeletal organization of NRVM
------------------------------------------------------------------------

In order to investigate if the alteration of the mechanical/adhesion properties of the mutant cardiomyocytes could be due to an alteration of the cytoskeletal structure, laser scanning microscopy confocal images were acquired. In control conditions, the actin cytoskeleton appeared to be highly organized and homogeneously distributed ([Fig. 3A](#f3){ref-type="fig"}, red). Similarly, in cardiomyocytes expressing WT lamin actin cytoskeleton seemed organized and perfectly integrated with both the GFP and the WT lamin proteins. On the contrary, mutant cells, morphologically identified by the presence of the typical bleb in the nuclear lamin, seemed to be characterized by an altered cytoskeletal organization. This alteration in the cytoskeletal organization was particularly evident in the peri-nuclear region, as clearly highlighted by the relevant cross-section of the 3D reconstruction of the z-stack ([Fig. 3A](#f3){ref-type="fig"}). Furthermore, a significant decrease of (i) red fluorescence relative intensity, (ii) actin filaments length and (iii) actin filaments thickness were confirmed by quantitative measurement of the actin amount and morphology in MT NRVM compared to CT and WT cells ([Fig. 3B](#f3){ref-type="fig"}, \*\*\*student t-Test significant difference in comparison to controls (CT) at *p* \< 0.001).

Moreover, in order to further test the hypothesis that the alteration of the mechanical properties of cardiac myocytes carrying Lamin D192G mutation could be due to an alteration of cellular cytoskeleton, additional AFM experiments with the cytoskeleton-disrupting agent Cytochalasin D (Cyt-D) were performed. Cyt-D is known to produce depolymerization of the actin filaments causing a dramatic alteration in cellular adhesion properties[@b20][@b21]. Indeed, our AFM measurements were able to detect differences in the adhesion areas recorded on NRVM cells treated with Cytochalasin D compared to control: as shown in [Fig. 4A](#f4){ref-type="fig"}, at a concentration of 1 μM Cytochalasin, actin disruption clearly modified the adhesion area, producing a behavior similar to that seen in MT *LMNA* D192G cells. [Figure 4B](#f4){ref-type="fig"} is a 3D reconstruction of an AFM scan of an untreated NRVM, while [Fig. 4C](#f4){ref-type="fig"} a Cytochalasin-treated NRVM: the latter shows cytoskeletal morphological changes such as cytoplasmic condensation with formation of dense aggregates. Despite the clear changes in the cytoskeleton of cells treated with Cyt-D, the nuclear elasticity remained unchanged (1.12 × 10^3^ ± 7.7 × 10^2^ Pa for the CT and 1.09 × 10^3^ ± 5.6 × 10^2^ Pa for the CT + 1 μm Cyt-D, respectively, *P* = 0.64).

Furthermore, to verify the adhesion behavior reproducibility, we performed 10 repetitions on the same cell (CT-NRVM's, MT-NRVM's and Cytochalasin-D treated NRVM's, respectively). These studies showed that adhesion area was always present for CT cells, while both mutant and the Cyt-D treated cells, after the first cycle the adhesion area was already strongly reduced and, within the statistical reproducibility of AFM test, the area remained very small also in the subsequent cycles. Concentrations of 0.25 μM and 0.5 μM of Cyt-D also cause, in control NRVMs, a drastic reduction of adhesion between AFM tip and cell membrane with no rounding of cells at any concentration tested.

Discussion
==========

AFM force-deformation curves
----------------------------

AFM cell loading-unloading curves contain several information about both short (within the nucleus) and long (between the nucleus and cell membrane via the cytoskeleton)-range interactions. In fact they represent a basis not only for assessment of elasticity of the nucleus itself, but also for evaluating overall cell deformation and nuclear-cytoplasmic interactions. As the results have shown, three distinctive features can be derived from these curves ([Fig. 1D](#f1){ref-type="fig"}): (*i*) the nuclear elasticity, (*ii*) the maximum load, and (*iii*) the area under the deformation curves during the unloading cycle reflecting de-adhesion of the AFM sphere from the cell membrane. Analysis of this latter phase may provide insight into several intrinsic properties in the process of detachment which include: the maximum separation force (in absolute values), the separation energy i.e. the area enclosed by the curve and the zero force axis, and a number of small detachment "steps" which could be related to the number of bonds broken between the AFM sphere and membrane adhesion proteins[@b22].

Our data indicate that cardiomyocytes carrying the *LMNA* D192G mutation have an increased nuclear Young modulus compared to control NRVMs as well as NRVMs expressing wild-type *LMNA*. Since NRVM's expressing wild-type *LMNA* displayed similar stiffness to controls, the higher stiffness in *LMNA* D192G NRVM's is likely to be due to the mutant LMNA protein. Furthermore, we found that the elasticity of MT nuclei varied over time (from day 1 to day 2), due to the level of expression of the transduced gene whereas stiffness of both CT and WT remained stable.

For small deformations, a cell nucleus can be modeled either as[@b23]:

**(1) A sphere filled with an incompressible fluid**, which during compression retains a constant volume due to the impermeability of the boundary. The balloon shell (nucleus) balances the compressive pressure by stretching therefore increasing its surface area. In this case the force (F) and nucleus deformation (ε) may be correlated:

where *R*~n~ and *h* are the radius of the uncompressed nucleus and its membrane thickness, respectively, and *E*~n~ and *ν*~n~ represent the Young's modulus and Poisson ratio, respectively. The ratio between the bending and stretching terms can be calculated using

Given that the nuclear membrane thickness (*h*) is typically 20--30 nm, while the cell radius is around 3 μm, this ratio is quite small. Therefore, one can neglect the small bending deformation term, and [Equation 1](#eq1){ref-type="disp-formula"} becomes:

\(2\) **A sphere filled with fluid but with a permeable skin**. During AFM compression, fluid may be squeezed out, at which point the membrane stretching term becomes insignificant. The small bending of the spherical membrane can be estimated as:

In the paper by Lulevich *et al.*[@b23] this behavior was related to that of dead/dying cells.

\(3\) **A hard rubber ball.** In this case, the force varies with the deformation as[@b24]:

Lulevich *et al.*[@b23] showed that this relation between force and deformation can be used for stiff cells like those fixed.

In our case, if the AFM vertical displacement up to 500 nm is analyzed, MT cells display a behavior different from that of both MT and WT cells ([Fig. 5A](#f5){ref-type="fig"}). None of the cells considered follow a relation with (ε^1/2^), CT and WT cells follow quite well a cubic relationship with respect to deformation (ε^3^) while MT cells show a relationship close to ε^3/2^ (see [Fig. 5B](#f5){ref-type="fig"}) confirming also in this way that the MT nucleus is stiffer.

In the literature, data regarding elasticity of cellular nuclei are quite divergent, with values ranging from 18 Pa to more than 45 kPa[@b25][@b26][@b27][@b28], disparities which are likely due to a variety of factors such as cell type, measurement techniques and conditions, length scale of interest, and also interpretation methods. Moreover, changes in nucleus size, morphology, uniformity, and cytoskeleton complexity could alter the distribution of the stress applied to the nucleus, thereby changing its elasticity. For instance, greater contact between the nucleus and cytoskeleton (such as higher density of SUN1 proteins) could alter the stress in the nucleus, resulting in a different nuclear elasticity[@b29]. Moreover, we believe that the difference between data assessed with either sphere or sharp tips are due to the fact that the latter describe elasticity at a very focused point on the nuclear envelope while the spherical probe assesses the mechanical properties of the whole nucleus. The dependence of elasticity on probe shape has been previously reported for alveolar epithelial cells where elasticity was two times higher when examined with sharp tips[@b30], and macrophages showed five times higher elasticity compared to data obtained with a spherical probe[@b31]. The structure of the nuclear lamina, a meshwork (a two-dimensional network of orthogonal lamin filaments)[@b7] plays a critical role in maintaining the structural integrity of the nucleus. Dahl *et al.*[@b1] suggested a natively compressed lamina network, which acts as a "shock-absorber" with elastic extensibility but a nearly incompressible envelope, forming an extremely robust, flaw-tolerant, material. Qin and Buehler[@b32] showed that the lamin mesh is a flaw-tolerant material since, its failure strain is largely insensitive to the presence and size of internal defects, and that the failure strain approaches a constant value even as the defect size grows. Therefore, the "healthy" nuclear lamina is a reliable structure that efficiently protects genetic material from external forces and deformation applied on the cell, unless there are genetic modifications that lead to structural changes in lamin organization and affect its mechanical property causing increased susceptibility to injury. In our case, the increased nuclear stiffness of the mutant cells, and the contemporaneous evidence of nuclear membrane yielding and therefore higher brittleness was not exhibited in either CT or WT cells. These observations lead us to hypothesize that the *LMNA* D192G mutation might have changed the meshwork shape and therefore its mechanical properties. It is noteworthy that AFM probe contact conditions have a minimal effect on the effective stretching stiffness of the nuclear envelope, while they alter its bending stiffness significantly[@b33]. From a structural point of view, bending stiffness is proportional to (E × I~0~) where E is the Young modulus and I~0~ is the second moment of area of a flat sheet, equal to:

where t = sheet thickness. In the case of a corrugated (dimpled) sheet ([Fig. 6](#f6){ref-type="fig"}), the second moment of area is equal to:

Therefore, the shape factor (Φ~b~) for failure in bending is:

[Equation 8](#eq8){ref-type="disp-formula"} predicts that a grid of dimples would provide a large gain in stiffness but would change its failure mechanism: whereas a flat structure can yield when bent, dimpled sheets can fail by a local buckling mode and therefore be more brittle. The hypothesis that a change in lamin shape explains both its change in elasticity and its brittleness needs future experimental validation by complementary imaging techniques. Unfortunately, only a few parts of lamin (intermediate filaments) domains of its dimer structure have been crystallized and their atomic structure identified based on x-ray diffraction experiments[@b34][@b35][@b36][@b37], and there are persistent challenges in identifying the remaining parts of its structure.

LMNA D192G decreases cell membrane adhesion
-------------------------------------------

Measuring the force curves on cardiomyocytes, we observed a peculiar behavior, possibly related to the ability of cellular structural elements to rearrange in response to the stimulation of the indenter. Adhesion areas recorded during the end of the unloading cycle show that CT and WT cells exhibit similar adhesion areas while MT NRVM showed virtually no adhesion area ([Fig. 1D](#f1){ref-type="fig"}). In this respect, the characteristic of this behavior made the CT and WT cells look very similar, since in both cases, the cells seemed to adhere to the sphere giving a resistance to indenter detachment.

For both CT and WT cells, the curves that represent the de-adhesion event did not show a smooth shape: therefore, it is likely that they do not originate predominantly from hydrodynamic interactions[@b38]. Similarly, the detachment-force curves recorded showed an initial, large de-adhesion peak followed by smaller peaks ([Fig. 1D](#f1){ref-type="fig"}). We postulated that both features might be explained taking into consideration bridging of multiple adhesion proteins tails at the cell surface with the nuclear lamina through actin filaments. With this in mind, the different behavior for the mutant cells could be explained by two possible changes in the interaction between the AFM sphere and the cell membrane: (i) the mutant cell could have less surface available for adhesion at the same interface or (ii) less adhesion proteins are available (or less efficient) for adhesion at the sphere/cell interface. The latter hypothesis seems to be the most probable if we analyze the nuclear deformation during the loading cycle. Briefly, as shown in [Fig. 7](#f7){ref-type="fig"}, two situations are conceivable: (i) the nucleus flattens against the loading surface with the profile schematized in [Fig. 7A](#f7){ref-type="fig"}, or (ii) as the load increases, a small region buckles as shown in [Fig. 7B](#f7){ref-type="fig"} (arrows indicate buckled regions). However, the change in elastic energy due to the inversion of a spherical section to create a buckle requires a jump in the value of the force during the loading cycle. As seen in [Fig. 1D](#f1){ref-type="fig"}, the AFM loading curve for the mutant cells do not show any abrupt change in slope, therefore we can rule out the possibility of having less surface available for adhesion.

Disruption of cytoskeletal proteins replicates defective adhesion behavior in LMNA mutant cells
-----------------------------------------------------------------------------------------------

The transient and local contact between an AFM sphere and a cell surface is a reasonable model for examining the different adhesive property of CT, WT and MT cells. MT cells retraction curves which show little, if any, adhesion suggest that a defective connection exists between the lamin protein within the nucleoskeleton and cell adhesion molecules present on the cell surface. From recent literature[@b39][@b40] it is known that there is a continuum from the inner part of the nuclear membrane and the outer part of the cellular membrane, made by several proteins, the Linkers of the Nucleoskeleton to the Cytoskeleton (LINC) complex acting as outside to inside mechano-transducers. Moreover, it has been shown that several proteins, including the LINC complex SUN1/2 and Nesprins, nuclear and cytoskeletal actin, and titin form connections between the lamina nucleoskeleton, and the cytoskeleton[@b1][@b41]. Ho *et al.*[@b42] have recently shown that actin polymerization is altered in *LMNA* mutant cells models (*LMNA* −/− and *LMNA* N195K cells) and that the altered actin may be responsible for the impaired nuclear translocation of MKL1, a cytoskeletal proteins regulator. Thus mechanical properties of both the nucleus and the cell may change in *LMNA* D192G cells when these connections are disrupted and the nucleus undergoes structural reorganization. In particular, actin filaments are connected to the cell membrane through the cell adhesion molecules, and to the nucleus through the nesprin- and SUN-proteins. When cells experience external stress, actin can polymerized to handle these changes. Actin filaments are therefore able to effectively transmit forces to the nucleus and vice versa from the nucleus to the cell membrane, via integrins and the dystrophin complex[@b41]. The integrity of such a complex network is of vital importance. All the individual elements form one interacting mechanical entity that cannot function properly if any of the composite elements is disrupted. Therefore, in contrast to the classic continuum models of cell mechanics, in which the applied stress will always quickly dissipate and therefore will not be able to transmit any signals to its surroundings, a number of studies suggest that force is directly transmitted from the cytoskeleton to the nucleus, and mutations in the nuclear lamina structure give rise to alterations in the cytoskeleton suggesting that a link must exist between the deregulation of the nuclear lamina, and the effects on the whole cell and affected tissue[@b41][@b42][@b43][@b44][@b45].

In our case, confocal microscopy was indeed able to highlight some cytoskeleton morphological modifications: they are presented in [Fig. 3](#f3){ref-type="fig"}. Panel 3A shows the 3D reconstructions of a non-infected, WT and MT cardiomyocyte. It is possible a clear identification of cell phenotype with expression of GFP in both WT and MT and blebs at the nuclear level in the mutant. Most importantly, a different organization of the actin cytoskeleton (red in [Fig. 3A](#f3){ref-type="fig"}) was also visible. At the same time, as shown in panel 3B, we demonstrated that mutant cells displayed an abnormal actin amount and morphology compared to controls. Our confocal microscopy images are consistent with already published data, such as those obtained in mouse models, that highlighted a defective LINC complex as an exclusive condition of laminopathies, leading as a consequence to softer cytoskeleton and reduced adhesion properties[@b46]. It is also known that a distorted nucleus is a morphological hallmark of cells carrying defective LMNA gene in both human and mouse models. Moreover[@b47][@b48] morphometric analysis experiments showed that nuclei of Lmna^L530P/L530P^ cells were particularly prone to mechanical fragility. Our results also showed that MT cells are brittle with a smaller nucleus compared with wild type LMNA cells. Published data[@b46] suggested that mechanical alterations found in laminopathic cells could stem from a dysfunctional network between the nucleus and cytoskeleton; our microscopic analyses highlighted that MT LMNA may also lead to a morphological alteration in the cytoskeleton.

Therefore, to test the hypothesis that the mutant nuclear lamina could have altered cellular membrane adhesion properties through alteration of the cytoskeleton, as supporting evidence, we repeated the AFM experiments in presence of Cyt-D. In these conditions, the interaction between AFM tip and cells mirrored that previously shown for the mutant cells.

In conclusion, to our knowledge, this is the first comprehensive report on abnormalities in AFM-derived mechanical properties of cardiomyocytes expressing a *LMNA* mutation associated with a severe form of familial dilated cardiomyopathy (*LMNA* D192G). These data were derived from analysis of a series of loading and unloading curves of living cardiomyocytes in which expression of both wild-type and mutant proteins were accomplished using an adenoviral expression system that resulted in a time-dependent expression of exogenous protein mirrored by alterations in both stiffness and fragility of the cells. Specifically, *LMNA* D192G transduced cardiomyocytes showed an increase in the nuclear Young modulus and greater nuclear brittleness that were clearly apparent as expression of mutant protein increases. We hypothesize that the concurrent change in both elasticity and brittleness might be explained by a shape change in the nuclear lamin structure going from a simple flat mesh to a more dimpled structure. Moreover, the loading-unloading curves showed: (i) differences in the maximum load required to deform the nucleus where mutant cells required higher loads, (ii) sphere/cell membrane detachment area where mutant cells show almost no detachment area. These results confirm that AFM is a very good tool for cell mechanical perturbation and force measurements. Furthermore, simple models may be utilized to rationalize the observed force-deformation measurements. Similar AFM measurement of the aforementioned parameters in control cells in which the actin cytoskeleton has been chemically disrupted suggest that the alterations in the mechanical properties seen in mutant cells reflects a fundamental defect in the connection between the nucleoskeleton, cytoskeleton and cell adhesion proteins expressed at the cell-surface ([Fig. 8](#f8){ref-type="fig"}). Structural anomalies resulting from mutation of lamin A/C therefore, seems to extend far beyond the nucleus to affect the cytoskeleton as shown in our case for the actin network. Our descriptive experiments clearly demonstrate that there is an adhesion defect in LMNA mutant NRVMs. We speculate that this biomechanical behavior could be driven by defective membrane adhesion proteins, such as integrins, as suggested by previous investigations[@b19][@b41][@b42][@b43][@b44][@b45][@b46][@b47][@b48]. While a comprehensive functional study of membrane proteins, such as integrins, dystrophin complex proteins, and other specialized complexes such as the desmosome, is beyond the scope of this work, the role of membrane adhesion in laminopathies is intriguing and prompt future investigations.

These insights are a clear addition to our understanding of the mechanism(s) responsible for this fatal cardiomyopathy and suggest that this innovative combination of both cutting-edge engineering and biological techniques may lead to the development of novel approaches to this, and other genetic diseases that affect the mechanical properties of the cell.

Methods
=======

Cell cultures
-------------

Neonatal rat cardiomyocytes (NRVMs) were isolated and cultured from 1--3 days old Wistar rat pups by enzymatic digestion as previously described with minor modifications[@b11][@b12][@b13][@b14]. Animal care and treatment were conducted in conformity with institutional guidelines in compliance with national and international laws and policies (European Economic Community Council Directive 86/609, OJL 358, December 12, 1987 and the current Italian law (decree 116/92)). Animals were hosted by the Animal House at ICGEB, Italy, authorized by the Italian Ministry of Health, and breeding conditions and procedures complied with EU guidelines (86/609/CE) and Italian law (decree 116/92). Protocols for tissue explants were performed in accordance with the relevant US and European Union legislation. The entire procedure is in accordance with the regulations of the Italian Animal Welfare Act, with the relevant EU legislation and guidelines on the ethical use of animals and is approved by the local Authority Veterinary Service (Assessorato Sanita'---Servizi Veterinari---Regione FVG). Briefly, ventricles were separated from the atria using scissors and then dissociated in CBFHH (calcium and bicarbonate-free Hanks with Hepes) buffer containing 0.5 mg/ml of Collagenase type 2 (Worthington, Biochemical Corporation), and 1 mg/ml of Pancreatine (SIGMA). Cardiomyocytes were enriched over non-myocytes by a pre-plating step on 100-mm dishes in DMEM containing 10% FBS and 2 mg/ml vitamin B12 (SIGMA). Cardiomyocytes that were either in solution or lightly attached were then separated from the adherent stromal cells by gentle mechanical disaggregation and subsequently were plated at a density of 2 × 10^5^ cells/ml in Dubecco's modified Eagle medium (DMEM) 4.5 g/L glucose supplemented with 10% horse serum (HS), 5% fetal bovine serum (FBS), 2 mg/ml vitamin B12 and cultured as previously described[@b11][@b12]. After 12 h, the culture medium was changed and cells were subjected to infection with the relevant adenoviral-*LMNA* constructs infection and subsequently analyzed over the time course described below.

Adenoviral constructs
---------------------

Shuttle constructs were generated in human Adenovirus Type5 Dual CCM DNA plasmids containing EGFP gene and human *LMNA* cDNA (Vector Biolabs, Malvern, PA). Constructs were bistronic with the two inserts (*LMNA* and EGFP) driven by two different CMV promoters. The constructs used contained either wild type or mutant *LMNA* D192G cDNA. NRVM's were infected by adenoviruses at 25 Multiplicity Of Infection (MOI) in serum free medium; 6 h post infection, complete medium was added to cardiomyocytes and the cells were incubated at 37 °C and 5% CO~2~.

Analysis of LMNA expression
---------------------------

Expression of human and mutant LAMIN-A cDNAs were verified by western blot using anti-laminA antibody, LS-C137845 from Lifespan Biosciences (2401, 4^th^ Ave, Suite 900, Seattle, WA 98121) at dilution 1:1000 for 2 h at room temperature. This monoclonal antibody recognizes human LMNA protein but does not react with rat LMNA. Secondary anti-rabbit-HRP conjugate (Sigma, cat\# A0545) at dilution 1:5000 for 1 h at room temperature was used to detect the antigen-antibody complex. Detection was done at days 1 through 5 of infection by ECL Kit (Bioexpress cat\# E-1119-20) and visualized in FluorChem system and normalized against levels of calnexin (ab75801 1:5000 dilution).

Force-deformation curves
------------------------

An AFM Solver Pro-M (NT-MDT, Moscow, Russia) was used to acquire morphology as well as force-deformation curves. Resonance frequency was verified with the thermal method and was considered acceptable with a variability lower than ± 5% in comparison to the value specified by the supplier (17 kHz). Similarly, also spring constant of the cantilever was verified and considered acceptable between a 25% variability of the value indicated by the supplier (0.08 N/m). Two different AFM cantilever tips were used to precisely apply a compression force normal to the nucleus: (i) a sharp PNP-DB silicon nitride tip (Nanoworld, Neuchâtel, Switzerland) or (ii) a polystyrene microsphere with a diameter of about 10 μm coated with a gold layer. The possible deformation of the polystyrene bead might raise concerns, however the polystyrene Young modulus is about 3 × 10^9^ Pa, much higher than that we measured for our nuclei (around 1 × 10^3^ Pa) and since our goal was to assess the difference in elasticity between a CT, WT and a mutant cell we feel that using strictly the same test protocol will always introduce the same possible, if any, test error. Neither AFM probe was coated with any biological ligand. The AFM was equipped with a "liquid cell" setup for operating on living, intact cells in cell culture medium. Only well-spread and isolated cells were investigated. The AFM indentations were performed on the center region of nucleus of cells plated on the prepared Petri dish to minimize possible sliding during indentation. Cells can be in different states and thus show distinct properties that can be difficult to compare, therefore (i) cells have been prepared following a strict protocol for each cell type. (ii) multiple measurements from a number of different cells were collected to obtain 'average' data for each condition and time-point of interest.

Force-deformation curves were plotted as loading force versus relative cell deformation. To quantify the cell compression, relative deformation, ε (cell height change/initial cell height) was used since the cell height varies. The average height of a NRVM was about 2-3 μm. Nuclei were deformed up to 35--40% of their original dimensions. Since cells behave in a viscoelastic manner and appear stiffer at higher AFM approach velocities[@b49][@b50][@b51], all cells were deformed at slow speed, 0.5 μm/s. For each experimental condition, data from at least 20 cells were collected for each cell type. The entire test duration was never longer than 45--50 min. to ensure cell health and consistency of data.

Modeling cells elasticity
-------------------------

Elasticity values can be calculated using various models[@b52][@b53][@b54][@b55][@b56][@b57]. We used the Hertz-Sneddon model[@b58]:

for sphere tip:

and for the sharp tip

Where E is the Young modulus, F is the load force, ν the Poisson ratio, θ is the tip-cantilever opening-angle, R the sphere radius and δ is the probe penetration into the cell. Since the nuclear elasticity depends on the stage of cell division, we excluded cells with nuclei showing optical mitosis evidence. For the purpose of assessing the Young Modulus we used only the first indentation depth around 200 nm (around 10% deformation) were the behavior is quite linear.

Immunocytochemistry
-------------------

Immunocytochemistry of specific CM marker was performed after 2 days of Adenoviral infection on Ad-EGFP-LAMINA-WT, Ad-EGFP-LAMINA-D192G and Non Infected samples. To perform immunostaining, CMs seeded on 0.2% gelatin-fibronectin (SIGMA) coated multichamber slides NUNC, US) were fixed in 4% PFA in PBS for 20 min at room temperature; aldehydes were quenched with 0.1 M glycine in PBS for 10 min at room temperature. Cells were permeabilized with 0.5% TritonX-100 for 1 hour at room temperature. Then, the samples blocked in 2%bovine serum albumine (BSA) were soaked on the followed antibodies: Lamin A/C Rabbit anti-Human Monoclonal (EPR4100) antibody, (LS-C137845 Lifespan Biosciences) at dilution 1:50, and Alpha-Actinin anti-mouse monoclonal (sarcomeric) (EA-53) at dilution 1:100, both O/N at 4 °C in 2% BSA. Anti mouse Alexa Fluor-488 and anti Rabbit Alexa Fluor 594-conjugated secondary antibodies (Invitrogen), 1:500 dilution, were incubated in 2% BSA for 45--60 min at room temperature. All washes were performed in PBS and 0,05% Tween 20. The basal actin cytoskeleton architecture (F-actin) was counterstained with Alexa Fluor® 594 Phalloidin conjugated probe (1:500, 30 min RT; Molecular Probe, Invitrogen). Nuclei were counterstained with 1:20000 dilution of TOTO®-3 ioide for 1 min RT in PBS (Life Technology) and then washed once in water. Finally, the samples were mounted in Vectashield (Vector Laboratories). A first set of pictures were acquired with a Zeiss LSM 510 confocal microscope, representative images were acquired from at least three independent cell preparation. For the purpose of the study a Plan-Apochromat 100X/1.46 objective was used. 3D images were acquired with a Zeiss LSM 710 confocal microscope, equipped with ELYRA system. Representative images were acquired from two different cell preparations that included all the tested conditions: Controls (CT); wild type (WT) and D192G mutant (MT). For the purpose of the study a Plan-Apochromat 100X/1.46 objective was used. In order to obtain complete 3D reconstructions of NRVM, 26 images were acquired for a total extension of 9.81 μm on the z-axes. Quantification of actin filaments relative intensity was performed using imagej software. The appearance of actin filaments after labeling was quantified offline for length and thickness using the Zeiss Zen 2012 SP1 software in three randomly chosen optical fields for each experimental condition.

Force transmission through the cytoskeleton
-------------------------------------------

For Cytochalasin D (Cyt-D; Sigma Aldrich) treatment, a stock of 5 mg/ml was prepared by reconstituting the drug in sterile DMSO and a working dilution in complete medium was freshly prepared the day of the experiment at the following concentrations: 0.1--0.25--0.5 and 1 μM. A series of experiments showing the lack of biomechanical effects and toxicity of DMSO 1 μl/ml pre- and post-treatment were performed to exclude any effect of the vehicle.

Data analysis
-------------

Elasticity data were analyzed using R, a software for statistical computing and graphics[@b59]. Data are represented as box plots whose endpoints are the first quartile (Q~1~) and third quartile (Q~3~), with a horizontal line corresponding to the second quartile (Q~2~, median)[@b59]. Analysis after image quantification was performed with the student t-Test. The differences between groups were evaluated for statistical significance by calculating the *p*-values.
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![(**A**) EGFP and human LMNA expression detected by fluorescence light microscopy 24 hours post-infection with adenoviral WT and MT NRVM's constructs. (**B**) Expression of the transduced human LMNA protein detected by human specific anti-LMNA antibody by western blot: human LMNA and rat Calnexin at 24 and 48 hours post-infection. (**C**) Indirect immunofluorescence showing co-localization between GFP (green, upper-left panel) and human LMNA (red, right-upper panel) signals in D192G LMNA NRVMs, transduced by adenoviral bicistronic GFP-LMNA construct. The nuclei are stained in blue (TOTO3, lower-left column). The fluorescence is represented in three channels. Bars: 5 μ. As seen in the merged panel (lower-right), human LMNA is perfectly co-localized in the area of the nuclear wall. (**D**) AFM loading-unloading curves for CT, WT *LMNA* and MT *LMNA* D192G.](srep13388-f1){#f1}

![(**A**) Young modulus of the nucleus obtained with a sphere tip, after 24 and 48 hours from adenoviral infection. The plots show the difference in elasticity for the uninfected control cell (CT), WT *LMNA* and MT *LMNA*-D192G, respectively. Mean (black line) values for each condition are shown within the boxes. (**B**) Young Modulus of the nucleus obtained using a sharp tip.](srep13388-f2){#f2}

![D192G LMNA seems to induce actin network alteration in NRVMs:\
(**A**) 3D reconstruction of the appearance of actin cytoskeleton (red) in NRVMs in control conditions and after infection with WT and MT-GFP LMNA. NRVMs infected with MT-GFP LMNA displayed a lower actin fibers density into the cytoskeleton and the presence of blebs on nuclear membrane clearly visible in a 3D reconstruction of a Z-stack acquired in a range of 9.81 μm. (**B**) Quantification of red fluorescence relative intensity (n = 3 optical fields for each experimental condition), and appearance of labeled actin filaments length (CT n = 38 fibers; WT n = 40 fibers; MT n = 67 fibers) and thickness (CT n = 67 fibers; WT n=86 fibers; MT n = 82 fibers). \*\*\*Student t-Test significant difference in comparison to controls (CT) at *p* \< 0.001. Data show a significant decrease of fluorescence relative intensity, actin filaments length and actin filaments thickness in MT NRVM compared to CT and WT cells.](srep13388-f3){#f3}

![Effect of actin filaments derangements with Cytochalasin D in NRVM:\
(**A**) Loading/unloading curves for control cells after administration of 0.1 and 1 μM of Cytochalasin D. (**B**) 3D-Cell morphology reconstruction obtained from AFM scan in uninfected non-treated cells and, (**C**) uninfected NRVM's subjected to Cytochalasin D.](srep13388-f4){#f4}

![(**A**) AFM force-deformation curves for CT, WT and MT cells respectively. (**B**) CT and MT deformation behavior. CT follows quite well a cubic relationship with respect to deformation (ε^3^) while MT cells show a relationship close to ε^3/2^.](srep13388-f5){#f5}

![This cartoon shows a structure with dimples and the geometrical parameters used to calculate its bending stiffness.\
Our biomechanical data suggests that the *LMNA* D192G mutation may change the meshwork shape and therefore its mechanical properties.](srep13388-f6){#f6}

![Two possible configurations for the nucleus pressed between two plates.\
(**A**) the nucleus flattens against the loading surface, or (**B**) as the load increases, a small region buckles (arrows indicate buckled regions).](srep13388-f7){#f7}

![Hypothesis on the role of defective lamin in altering cell adhesion behavior.\
Speculative cartoon underlying the potential role of mutated LMNA in cell adhesion properties. As recently reported[@b42], we hypothesized that lamin mutant cells cause altered actin dynamics and cytoskeletal actin polymerization. The defective nuclear-cytoskeletal connection may lead to adhesion proteins dysfunction, and ultimately to defective adhesion-detachment properties in mutant cells.](srep13388-f8){#f8}
